Lamb Wave Modes in Coal-Tar-Coated Steel Plates by Banik, N. C. et al.
LAMB WAVE MODES IN COAL-TAR-COATED STEEL PLATES 
N. C. Banik, M. Land, and G. L. Puckett 
Research and Engineering 
T. D. Williamson, lnc. 
P.O. Box 2299 
Tulsa, Oklahoma 74101 
S. K. Datta and T. Chakraborty 
Department of Mechanical Engineering and CERES 
University of Colorado 
Boulder, Colorado 80309 
INTRODUCTION 
In order to study the feasibility of using ultrasonic Lamb wave modes for 
detection and sizing of corrosion-related flaws in buried steel pipelines, we have cal-
culated Lamb wave modes and performed numerous experiments on steel plates 
coated on one side with coal-tar enamel. The purpose of this paper is to discuss 
these theoretical and experimental results. 
To protect a pipeline from corrosion, it is coated on the external surface with 
a thick layer of coating. The most frequent1y used coatin~ is coal-tar enamel. It is 
usually applied in the factory, but over-the-ditch applicatlOn is not uncommon, espe-
cially in older lines. The nominal thickness of coating may vary from one-quarter to 
one-half of the steel-wall thickness, but little attention is paid to assure a constant 
thickness or bonding strength of coating. In the lines which have been in the 
ground for years, the state of coating can vary considerably pver the length of the 
line. Lamb waves excited and propagating in the steellayer will be modified in the 
varying coating conditions as well as in the presence of corrosion-related flaws in 
steel. The question is whether or not the effects of coating variation are discernible 
from those due to corrosion. 
As a first step, we have studied the effects of coal-tar enamel coating on flat 
steel plates. We have done an exact calculation of Lamb wave modes in coated 
steelelates for various thicknesses of coating. The method used is similar to that 
descnbed by Jones [1]. We have also done numerous experiments on steel plates 
and pipes coated with coal-tar enamel as a function of the thickness of coating. 
THEORY 
The geometry of the two-Iayered medium is shown in Figure 1. The steel and 
coal-tar layers are bonded together rigidly at an interface. The thickness of each 
layer is finite and uniform; otherwise, each layer is elastically isotropic and 
homogeneous. Lamb waves propagate along the horizontal X-axis, and elastic dis-
placements are in the X-Z plane. The calculation of Lamb wave modes in this 
medium is straightforward. Seeking solutions of the elastic wave equation in each 
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Fig. 1. Geometry of layered steel and coating medium. 
layer and invoking boundary conditions at the top and bottom surfaces and at the in-
terface, one obtains an 8 x 8 determinantal equation as the dispersion relation. We 
have reduced the size of the determinantal equation to 4 X 4 using four of the eight 
boundary conditions. The equation has been solved for real and positive values of 
frequency as a function of the wave number. An efficient numerical iterative 
scheme has been used; otherwise, the solutions obtained are exact. 
The elastic parameters used in the calculation are given in Table 1. We have 
kept the thickness of steel plate fixed at 1.0 cm and varied the thickness of coating 
from O to .3 cm. 
TABLE 1 
Chosen Elastic Properties of the Layers 
Longitudinal Shear 
Thickness Densit) Wave Velocity Wave Velocity (cm) (gm/cc (m/s) (m/s) 
Steel 1.0 7.86 5960 3235 
Coal-tar 0-0.3 1.20 2500 1000 
Figures 2a-2d show the calculated dispersion curves for the first severallow-
order Lamb wave modes in steel in the presence of four different thicknesses of the 
coal-tar layer. The ordinate F is the angular frequency multiplied by the thickness 
of steel and divided by the shear wave velocity in steel. The abscissa K is the 
wavenumber multiplied by the thickness of steel. AlI propagating modes lying in 
the range 0-15 for F and K are shown. In Figure 2a, the coating thickness is zero 
and so the modes seen are the standard symmetric and antisymmetric modes in 
bare steel plates. There are eight such modes in the chosen range. In Figure 2b, 
the modes correspond to a steel plate with a thin, O.5-mm layer of coal-tar coating. 
The presence of even such a thin coating layer causes a substantial modification in 
the modal structure. First of alI, there is an extra mode in the same range of fre-
quency and wavenumber. The mode marked 7 in Figure 2b does not correspond to 
any mode in Figure 2a. Second, at large wave numbers, many of the modes are 
pulled downward in frequency, tending towards Rayleigh and shear modes in coat-
ing rather than in steel. For example, mode 1 in Figure 2b behaves similarly as 
mode 1 in Figure 2a for K up to about 6.0, but afterwards deviates substantialIy 
downward, becoming the Rayleigh wave mode in coating. Third, at some points, 
degenerate symmetric and antisymmetric modes in the bare plates are split up in 
the presence of coating, and nondegenerate modes are perturbed due to nearby 
modes. In the presence of coating, the symmetry is broken--a mode may have both 
symmetric and antisymmetric components. Fourth, the critical frequency of higher 
order modes are lowered to some extent. In the limit of long wavelengths, the 
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Fig. 2. Lamb wave modes in bare (a) and coal-tar coated (b-d) steel plates. The 
vertical and horizontal axes are reduced frequency and wavenumber as 
defined in text. 
layered medium behaves like a single medium with elastic properties which are 
weighted averages of the elastic properties of the two media, causing a lowering of 
the critical frequency of steel plate modes in the presence of elastically soft coal-tar. 
As we increase the thickness of coating, the magnitudes of the above four 
characteristics increase. More and more modes show up in the viewing window of 
frequency and wavenumber; modes tend to become shear and Rayleigh wave 
modes in coating at lower wavenumbers; critical frequencies of higher order modes 
are further lowered; and more perturbations of modes take place. These effects are 
clearly seen in Figure 2d which are Lamb wave modes when the thickness of the 
coating layer is 0.3 cm. This thickness is quite common in pipelines. An inter-
mediate case is shown in Figure 2c in which the coating thickness is 0.2 cm. 
The effect of lowering the frequency as a function of wavenumber will result 
in the lowering of the phase and the group velocity. The phase velocity is the ratio 
of the frequency and the wavenumber. The group velocity is obtained from the tan-
gents of the dispersion curves. We have calculated the group velocity curves for 
modes shown in Figures 2a-2d. These are given in Figures 3a-3d where we have 
plotted the ratio of the group velocity to the shear wave velocity in steel as a func-
tion of the reduced frequency F. Clearly, there is a general trend of lowering the 
group velocity, especially at large values of the wavenumber. Comparing Figures 
3a and 3b, we find that the first antisymmetric mode in the bare plate, asymptotical-
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Group velocity curves corresponding to modes shown in Figures 2a-2d 
respectively. 
ly, goes to the Rayleigh wave mode in steel, but in the presence of 0.05 cm of coat-
ing, it is substantially pulled downward at K values larger than 10, perhaps going to 
the Rayleigh wave mode in coating. That this mode asymptotically becomes the 
Rayleigh wave mode in coating has been verified by increasing the range of K. 
On increasing the thickness of coating (see Figures 3c and 3d), we find that 
more and more modes have group velocities moving towards the shear wave and 
Rayleigh wave speeds in coating and do so at lower values of wavenumber. In fact, 
as we increase the wavenumber, we see that the group velocity of a mode initially 
tends to the shear or the Rayleigh wave speed in steel and then swings towards the 
shear and the Rayleigh wave speeds in coating. This phenomenon, called "terrac-
ing" by Mindlin [2] is, according to him, "due to the coupling of the equivoluminal 
mode with the lower dilatational mode." 
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To summarize the effects of coating as observed in the theoretical calculation, 
we note the following: 
(1) More and more new modes which become Rayleigh and shear modes in 
coating at short wavelengths appear with increasing coating thickness. 
(2) Phase and group velocities of bare-plate modes generally decrease with in-
creasing coating thickness, but at an arbitrary operating point they may 
also increase because of new modes. 
(3) The critical frequency of a bare-plate mode may de crease with increasing 
coating thickness. 
EXPERIMENT 
In the inspection of pipelines, transmitters and receivers are placed on the 
inner steel surf ace of the pipe. The new modes which have group velocities much 
lower than the Rayleigh wave speed in steel cannot propagate in steel. They will 
propagate in coating, however. As a Lamb mode is excited in steel, during its 
propagation, a part of its energy willleak into the coating, creating one or more 
propagating modes in the coating. The number of such modes wiII depend partly on 
the coating thickness. As a result, there will be an apparent attenuation of the 
received Lamb wave signal. This apparent attenuatIOn will increase with coating 
thickness untiI the thickness is several times the wavelength. Because of the slow-
ing of the group velocity, the arrival time of the received signal wiII be delayed with 
coating thickness, causing a phase delay in the signal at a given time. If a new mode 
appears at the operating frequency and wavenumber, there is also a possibility of a 
phase advancement. There may also be a detectable shift in the amplitude 
spectrum towards lower frequencies, but this will depend on frequency response of 
the transducer. Thus, large changes in both amplitude and phase of the received 
Lamb wave signal are expected with variation in the thickness of coating. 
We have performed a large number of experiments with meander-coil, 
electromagnetic-acoustic transducers (EMAT's) at various combinations of operat-
ing frequency and wavelength and on coated plate samples with different thick-
nesses of coal-tar coating. Experiments were done in the pitch-catch transmission 
mode. A detailed comparison of theory with experiment is not possible at this time. 
We present some sample data. 
We prepared aflat-plate sample, half of which was coated with a layer of 
0.3cm thick coal-tar enamel and the other half remained uncoated. The thickness 
of steel was 0.954 cm. We performed several experiments on this plate sample, 
movin~ transducers from the uncoated to the coated area, keeping other operating 
conditIOns fixed during each experiment. The results shown in Figures 4 and 5 
were taken with EMAT transducers at two separate operating frequencies and 
wavelengths but with the fixed receiver-transmitter distance of 29 cm. 
Figure 4a shows the Lamb wave EMAT signal transmitted and received on 
the uncoated area of the plate. The transducers had peak frequencies at 93 KHz 
and coiI wavelengths at 2 cm. The Lamb wave mode seen is the AO mode. In 
Figure 4b, we see the same signa! on the coated area. The changes in amplitude 
(note the difference in the vertical scale in the Figures) and phase of the signal are 
de ar. The amplitude is reduced by a factor of about 2.3 and the phase is delayed by 
about 80 degrees in the presence of coating. 
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Fig. 4. Lamb wave signal at a frequency of 93 KHz on the uncoated area (a) of the 
plate and on the coated area (b). 
In Figure 5a, we show the EMAT signal on the uncoated area of the plate 
when the transmitter frequency is 270 KHz and the coiI wavelength is 1 cm. The 
first burst of signals arrivmg at about 90 microsecond is predominantly the AO 
mode. The second burst is SO mixed with some higher order modes. In Figure 5b, 
the signal seen was obtained when we moved the transducers to the coated area. 
We first notice that the slow SO and higher order modes seen in the uncoated area 
are almost gone in the coated area. That this is not due to simple attenuation has 
been verified by decreasing the distance between the transmitter and the receiver. 
We believe that the generation efficiency ofthese higher order modes at the par-
ticular operating frequency and wavelength is much less in the coated plate than in 
the uncoated plate. Second, the amplitude of the fast AO mode has been greatly 
reduced in the coating, by a factor of about 8. Third, the phase of the AO mode has 
been delayed by a large amount. 
We also measured the amplitude and the group velocity as a function of the 
thickness of coating. For this purpose, a plate sample was made having eight sec-
tions of differing coating thicknesses. The transducers were moved from one sec-
tion to the next. In each section we monitored the peak aml?litude and the group 
velocity of the received signal. In Figure 6, we show the vanation in the amplitude 
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Fig. 5. Lamb wave signal at a frequency of 270 KHz on the uncoated (a) and coated 
(b) areas of the plate sample. 
1350 
of the received signal as a function of coating thickness. The amplitude was normal-
ized with respect to the amplitude in the uncoated area. Figure 6a shows the results 
for the mode at 100 KHz and 2 cm coiI wavelength. In Figure 6b, we see the results 
for the AO and SO modes at 270 KHz and 1 cm coiI wavelength. We find that the 
amplitude decreases exponentially with increased coating thickness. As a function 
of the thickness/wavelength ratio, the amplitude of the AO mode drops essentially 
at the same rate at both the low and the high frequency. The effect on the SO mode 
is more severe than on the AO mode. In Flgure 7, we show the ratio of the 
measured group velocity to the shear wave velocity in steel for the AO mode at 270 
KHz. We find that the group velocity gradually decreases with increased coating 
thickness. 
We have done numerous other experiments at different combinations of 
operating frequency and wavelength of the transducer. We have found that higher 
order modes are generally more severely modified in coating than the lowest order 
AOmode. 
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Fig. 6. (a) The variation in the peak amplitude ofthe AO mode at 100 KHz. 
Group Veloclty VI. Coatlng Thlckness 
'.02 r--___ ...;".:..-.. ::..;'..-"--=O'-'Ao;..::-=-___ ----, 
.... 
. ~ 
.... 
.... 
.... ~-~~~-----.-~~~--r--,--,...--l 
o 0.02 0.G4 OM 0.01 0.1 0.12 0,14 
CootIno-_1 
(b) The same for the AO mode (squares) and SO mode (pluses) at 270 KHz. 
Fig. 7. The ratio of the measured group velocity to the shear wave speed in steel as a 
function of coating thickness for the AO mode at 270 KHz. 
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CONCLUSION 
The theoretical and experimental results presented above clearly show that ef-
fects of coating on Lamb wave amplitude and phase are drastic. Therefore, it may 
be difficult to use Lamb wave modes for detection and sizing of corrosion-related 
flaws in pipelines where the variation in the coating condition is large. Additional 
theoretical and experimental work, especially with simulated corrosion flaws, is 
needed to make a definitive judgment about the prospect of using Lamb waves in 
the NDE of buried pipelines. 
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